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Tevatron, the CERN LHC, and a future lepton collider demonstrating the 
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I. INTRODUCTION 



The search for supersymmetry (SUSY) plays an important role in the experimental 
program at the colliders LEP2 and Tevatron. It will be even more important at future 
colliders, e.g. an upgraded Tevatron, LHC, an e + e~ linear collider or a collider. 
Therefore many phenomenological studies have been carried out in recent years (see e.g. 
and references therein). 

Within the supersymmetric extensions of the standard model (SM) the minimal super- 
symmetric standard model (MSSM) |2|,|7[ is the most investigated one. The MSSM implies 
that every SM fermion has two spin partners called sfermions fi and Jr. In general 
sfermions decay according to fk — > fXiif'Xj where Xi an d xf denote neutralinos and 
charginos, respectively. Here we assume that the lightest neutralino is the lightest super- 
symmetric particle (LSP). 

Owing to large Yukawa couplings the sfermions of the third generation have a quite 
different phenomenology compared to those of the first two generations (see e.g. || and 
references therein). The large Yukawa couplings imply a large mixing between /x and /r 
and large couplings to the higgsino components of neutralinos and charginos. This is in 
particular the case for the lighter top squark t\ because of the large top quark mass |§ . The 
large top quark mass also implies the existence of scenarios where all two-body decay modes 
of ti (e.g. ti — > tj$,bxt ,tg) are kinematically forbidden at tree-level. In these scenarios 
higher order decays of t\ become relevant: |T0|JTT||: 



ti - cx° lt2 (1) 

h ^W + bxl (2) 

h - H + bx\ (3) 

h - blf vi (4) 

t x -> W + , (5) 

where I denotes e, /i, r. 



In 1 10] it has been shown that decays into sleptons are dominating over the decays 



into c xi 2 ^ they are kinematically allowed. However, they have used the approximation: 



mi, = 0, h b = hi = (I = e, /i,r), m~+ m y+- m EH ^ nas been shown that 



for small tan (3 the decay t\ — > W + b Xi in general dominates over t\ — > ex® 2 whereas for 
large tan/? their branching ratios can be of comparable size. In this paper we present the 
complete formulas for the three-body decays which are so far missing in the literature. We 
also perform a numerical analysis for the mass range of an upgraded Tevatron, the LHC, 
and a future lepton collider including the possibility that all of the above decay channels 
are simultaneously open. In particular it turns out that the inclusion of the bottom and tau 
Yukawa couplings hb and h T is important. 

This paper is organized as follows: In Sect. II we fix our notation and give the ana- 
lytical expressions for the decay amplitudes together with the relevant parts of the MSSM 
Lagrangian. In Sect. Ill we present our numerical results for the branching ratios of the 
three-body decays in scenarios accessible either at the Tevatron run II, LHC, or a future 
lepton collider. Our conclusions are drawn in Sect. IV. The analytical formulas for the 
squared amplitudes are listed in Appendix 0, and Appendix gives the various couplings. 
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II. FORMULAS FOR THE DECAY WIDTHS 



In this section we fix our notation and we give the Lagrangian relevant for the calculation 
of the decay widths. Moreover, we present the analytical formulas for the matrix elements 
and generic formulas for the decay widths. The complete formulas for the latter are rather 
lengthy and are listed in Appendix |A]. 

The parameters relevant for the following discussion are M', M, m^o, fi, tan (3, M^., Mq., 
Mjj , A di , and A Ui . M' and M are the U(l) and SU(2) gaugino masses, for which we assume 
the GUT relation M' = 5/3 tan 2 9y/M. \i is the parameter of the Higgs superpotential, m^o 
the mass of the pseudoscalar Higgs boson, and tan/? = v^/vx where Vi denotes the vacuum 
expectation value of the Higgs doublet Hi. M5., Mq. and Mfj. are soft SUSY breaking 
masses for the squarks, A di and A Ui are trilinear Higgs-squark couplings, and i = 1,2,3 is 
the generation index. 

The mass matrix for sfermions in the (/x,, /#) basis has the following form [|J: 

M) = ^ \ /l (6) 

with 





= M l 


+ m l 


+ m% cos 2(3 (| - fsin 2 9 W ), 




= M l 


+ m l 


+ |m| cos 2/9 sin 2 6 W , 


ml 


= M l 


+ m l 


— m z cos 2(3 (| — | sin 2 9w), 


dm 


= M l 


+ m l 


— \m\ cos 2(5 sin 2 9w, 


m~ 

ltd 


= Mf 


+ m l 


— m| cos 2(3 (| — sin 2 6 W ), 




= M i 


+ m l 


— m\ cos 2(3 sin 2 6 W , 



and 

a Ui m Ui = m Ui (A Ui - /I cot (3), 

a di m di = m di {A di - p tan/3), 

a k m h = m k {A k — p. tan/3), (8) 

where % is a generation index (v,i = u, c, t; di = d, s, b; U = e, u, r) which will be suppressed 
in the following. The mass eigenstates fi and / 2 are related to /j, and by: 

fi\ /cos 9? sm9?\ ffi\ ^fffh 



f,J ^ \ -sin9 f ~ cos 4 J UJ ^A/J (9) 



with the eigenvalues 



The mixing angle 9r is given by 



co$9f = — , sin 6^/ 

•> ''I 1 \9 1 2 2 

m - — m - r + a f m 



- — lit- I -T LVfllbr 

JL Jl 13 



\ 



(m 2 ; — m\ ) 2 

JL Jl 



(m 2 - — m 2 ~ ) 2 + a 2 f m 2 f 

JL Jl J J 



(11) 
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The sneutrino mass is given by: 

m | = Mf. + \m\ cos 2/5 (12) 

The part of the Lagrangian, which is needed for the calculation of the three-body decay 
widths, is given by: 

c i = 9 E 1 ( k h p L + 1 Ij p r) Xjti + g E w f HA + € 3 Pr) Xjfn 



3=1,2 



j,n=l,2 
f=e,fJ.,T 



+9 E xt(i7PL)fv}+9j2f{ b li p L + 4i p x)xif* 



3=1,2 
/=e,Ai,r 



fc=l,2 
f=b,t 



-gw- E xl (of.PL + of x p R ) rxt - ig w- E A Zi$ ? * 



3=1,2 



3=1,2 



■-^W-Sy^ - 9 H- E (Oy'^ + Qu'Pr) X] C hi^ 1 

VZ 3=1,2 3=1,2 



-H b (nib tan (3Pi + m t cot /3Pr) t 



(13) 



V2m w 

where Pr } l = (1± 7s)/2- The various couplings are given in Appendix ||. 

The formula for the decay width T(ti — ► W 74 " &x?) has already been given in [II]. There- 
fore, we give only the corresponding matrix element M^ w+b ^o: 



ii-*w+bx% 



V2 jr[ hbj p\. - mf. - im~ b r~ b 



■u(p b ) 



b) x P L + a^Pn 



+ 9 2 E u ^ 



3=1 



I^Pr + k%P L 



pt+ — mt^ 



im~+T- 



* [o[;p l + 0*'P R ] rv(p^o)e,(p w 
i>t + m t 



-J?=u(p b )YPL^__ 2 



b\ x P L + a\ x P R v{pS)e VL {p w ) 



In [11 also the formula for T(ti —> cf?) JT^] has been rewritten in the notation used here. 

In Fig. |I]we show the Feynman diagrams for the decay t\ — > H + b\\- The matrix element 
M^^ H+ b ^o for this decay is given by: 



M ii _ rH+b5( o 



2 u(p b ) 

3=1 



b b 3l P L + a b 3l P R 



2 u( Pb ) 

-9 2 E — 

3=1 



-] [Qi/Pl + Qi/Pr] v( Pk o) 



p + — m, + — im-+T-+ 



g 



xj x- *i V 
2 u(p 6 ) [m 6 tan /?P L + m t cot /3Pr] + m t \ b\\P L + a* n PR v(p^o] 



\f2m w 



PI — ml — im t T t 



(15) 
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The decay width is given by 



(m t - i -m H+ ) 2 



or 



16 7rm~ sin 4 



ds G 



'x^x^ 



G 



x+t 



G^+i + G tt + G t - h + G- h 



r bb 



(16) 



(m b +m o) 2 



with Gjj given in Appendix [A[ 

Alternatively ti can decay into sleptons: t\ — > 6z/ e e + , fez/^/i" 1 ", ti — > be\v e , bjilv^, 
t\ — > bi) T r + , and ti — > frf^ i/ r . These decays are mediated through virtual charginos. The 
Feynman graphs are similar to the second one in Fig. [I], where one has to replace the Higgs 
boson by a slepton and the neutralino by the corresponding lepton. Note, that the decays 
into en and p,R are negligible because their couplings to the charginos are proportional to 
m e /mw and m^/mw, respectively In the case of decays into sneutrinos and leptons the 



matrix elements M 



Mi 



ti-*bi+a, have the generic form: 
%P R + k\ 3 P L 



ti->bl+ vi 



2 u(p b 

9 E — 



[lfP R + kfP L ]v( Pl 



3=1 



P xt- m x+- im *l T *l 



whereas for the decays into sleptons and neutrinos we get: 



Ms 



h^buJl — 9 / J 
i=i 



- m x" 



Xj 

In both cases the decay width is given by 

{m u -m b ) 2 

a 2 



pz+ — mi + — im~+T 



16 7rm? sin 9w 
ti 



I dsw lfI (s)j2(ib c v sU ~ 4) ) D ^ 



(m^+rrij-) 2 



(17) 



(18) 



(19) 



The explicit expressions for W V f, and Di(s) are given in Appendix [A]. 



III. NUMERICAL RESULTS 

In this section we present our numerical results for the branching ratios of the higher 
order decays of t\. Here we consider scenarios where all two-body decays at tree-level are 
kinematically forbidden. 



We have fixed the parameters as in |TT] to avoid colour breaking minimas: we have used 
m^, cos6^, tan/3, and /i as input parameters in the top squark sector. For the sbottom 
(stau) sector we have fixed Mq, M^ and A b (Mg, M- L , and A T ) as input parameters. For 
simplicity, we assume that the soft SUSY breaking parameters are equal for all generations. 
Note, that due to 577(2) invariance Mq appears in both up- and down-type squark mass 
matrices. In the sbottom (stau) sector the physical quantities mr, mr , an d cos^ 
m f2 , and cos#f) obviously change with ji and tan/3. 
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In Fig. |2|(a) and (b) we show the branching ratios of t\ as a function of cos 9~ t . We have 
restricted the cos6^ range such that \A t \ < 1 TeV to avoid color/charge breaking minima. 
The parameters and physical quantities are given in Tab. |. The slepton parameters have 
been chosen such that the sum of the masses of the final state particles are 215 ± 5 GeV. In 
Fig. @(a) we show BR^ ->bW+Xi), BR(t~! -> c*?), BRft -> be + D e ) + BR(ti -> &z/ e g+), 
and BR(t! — > bT + u T ) + BR(tx — > bv T f^) + BR^ — ► fe^r^). Here we have not included 
the possibility of the decay ti — > 6 -ff + x? because with this parameter set there exists no 
value of m^o which simultaneously allows this decay and fulfills the condition m h o > 71 GeV 
|T2|| (we have used the MSSM formula for the calculation of m#+ including 1-loop corrections 



as given in ||13|| ). However, we will discuss this decay later on. We have summed up those 



branching ratios for the decays into sleptons that give the same final state, for example: 

*i -»• &i/ T r+ -»• br + v T x1 , h -> 6r+z> r -> 6r+z/ T x? (20) 

Note, that in the above cases the assumption m,- — mj < m -+ implies m -+ > m,-. Therefore, 
the sleptons can only decay into the corresponding lepton plus Xi except for a small pa- 
rameter region where the decay into x° is possible. However, this decay is negligible due to 
kinematics in that region. The branching ratios for decays into jli or are practically the 
same as those into or u e . For this set of parameters BR(tx — > cx\) is O(10~ 4 ) indepen- 
dent of cos 6^ and therefore negligible. Near cos^ = —0.3 BR(tx — > bW + xT) is almost 100% 
because the ti~xf-b coupling l\ x vanishes. We have found that the decay t\ — > b W + Xi is 
dominated by the t-quark exchange. In many cases the interference term between t and X12 
is more important than the X12 exchange. Moreover, we have found that the contribution 
from sbottom exchange is in general negligible. 

In Fig. |2](b) the branching ratios for the various decays into sleptons are shown. For 
small tan (3 sleptons couple mainly to the gaugino components of xt- This leads to BR^ — > 
bv e e£) > BR(t! — > bu T f^ 2 ) because cos^ ~ 0.68. The decays into sneutrinos are preferred 
by kinematics while the decay into f 2 is suppressed by the same reason (Table [[]). Moreover, 
the matrix elements Eqs. ([T7|) and (fHf) for the decays into charged and neutral sleptons have 
a different structure in the limit mb, mi — > 0: 

M fl _> bl +2 t ~ m^-u(p b )P R v(pi) , (21) 
M l^ bvi ii ~ u(Pb) P R hj^) ■ (22) 

This leads to different decay widths even in the limit of equal slepton masses. 

In Figs. |^(a) and (b) we show the branching ratios as a function of tan/? for cos# t - = 0.6 
and the other parameters as above. For small tan /3 the decay into t\ — > b W + Xi is the most 
important one. The branching ratios for the decays into sleptons decrease with increasing 
tan/3 except for the decay into f±. This results from: (i) for increasing tan/3 the gaugino 
component of xt decreases while its mass increases, (ii) the masses of the sleptons increase 
with increasing tan /3, except m fl which decreases, and (iii) the r Yukawa coupling increases. 
These facts lead to the dominance of t\-^bv T f\ for large tan/3 as can be seen in Fig. 0(b). 
In addition, the decay into c xi gains some importance for large tan (3 because its width is 
proportional to the bottom Yukawa coupling in the approximation of 



The assumption that no two-body decays be allowed at tree level implies that m-+ > 
mi x — mi,. Therefore, one expects an increase of BR(ti — > b W + x±) if m i Y increases, because 
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the decay into b W + xi is dominated by the t exchange whereas for the decays into sleptons 
Xi exchange dominates. This is demonstrated in Figs. |](a) and (b) where we have fixed 
mi = 350 GeV. Here also the decay into bH + xi is possible. However, this channel is in 
general suppressed by kinematics. We have not found any case with m H + < 120 GeV while 
m h o > 75 GeV . 

These general features still hold if tan/3 increases as can be seen in Figs. |5](a) and (b). 
Here we have fixed cosdi = 0.7. In accordance with the discussion above, the decay into t\ — > 
bv T ?i gains importance with increasing tan/?. Note, that for large tan/? BR^x — > bH + x1) 
decreases since m#+ increases due to radiative corrections. However, there are scenarios 
where the decay t\ — > bH + xi becomes important. This can be seen in Fig. [| where the 
branching ratios are shown as a function of for m^o = 90 GeV, tan/3 = 30, and the 
other parameters as in Tab. ||. At the lower end of the Mfj range we get = 114 GeV. 
Moreover, is approximately — m\y leading to an enhancement of this width. We have 
found that contrary to the case t\ — > b W + xi f° r the decays t\ — > b H + xi sbottom exchange 
can be important. This is a consequence of the different spin structure of the corresponding 
matrix elements (Eqs. ( |T4]) and (P~5|) ) and because of the large bottom Yukawa coupling. 
The decrease in BR(ti — > bH + xi) for Mfj > 450 GeV is mainly due to the fact that 
grows with increasing M^. 

Finally, we want to discuss a scenario which is within the reach of an upgraded Tevatron. 
Here we refer to the examples of [|TTJ. In general the decays into sleptons clearly dominate 
when they are kinematically allowed (except the case when the couplings of the top squark 
to the lighter chargino nearly vanishes). In the case = 170 GeV, cos# t ~ = —0.7, = 
Mq = 500 GeV, A b = A T = -350 GeV, /i = -1000 GeV, M = 165 GeV and tan/3 = 2 
(scenario b of Table I in 0) we obtain: BR^ -»• b u e e£) = 2.8%, BR(tx -> b v T f x ) = 10.5%, 



'0. 



BR(t! -»• bv T f 2 ) = 2 x 10~ 3 %, BR(t! be + D e ) = 28.1%, and BR(*i br + D T ) = 27.8^ 
The order of magnitude is independent of /i and cos 9i because the lighter chargino is mainly 
gaugino-like in the parameter space where the decay t\ — > b W + Xi is possible (see Fig. 2b of 
For increasing tan /3 we have found a similar behaviour as in Figs. ^ and ^ dominance 
of the decay t\—^bv T f^, an increase of t± — > c xi and a decrease of all other decay channels. 



IV. CONCLUSIONS 

We have calculated the three-body decays t\ — > bH + Xi, i\ builf, and t\ — > bl + ui 
(I = e,fi, r) including all terms proportional to m^, m T , and all Yukawa couplings. We 
have compared these decays with t% — > cx\ [|TU[ and t% — > bW + x°\ [01- These decays are 
competitive in that part of the parameter space — accessible at an upgraded Tevatron, the 
LHC or a future lepton collider — where the tree-level two-body decays t\ — > bxt an d 
t\ — > t x° are kinematically forbidden. We have found that for < 200 GeV the decays 
into sleptons dominate due to kinematics. In the range 200 GeV < < 300 GeV all the 
decays mentioned above compete with each other. The branching ratios depend crucially 
on the coupling of t\ to xt, implying that one can get information on the mixing angle of 
the top squarks, once the chargino properties are known. For heavier top squark masses the 
decay into b W + xi, mainly proceeding via a virtual t quark, is in general the most important 
one. 
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In addition, we have found that for small tan/3 the decays into sneutrinos are more 
important than the decays into charged sleptons. This is a result of the different spin 
structures of the corresponding matrix elements. For large tan f3 the decay into the lighter 
stau becomes important due to the large tau Yukawa coupling (implying also a smaller stau 
mass) . 

The decay into b H + Xi is kinematically suppressed because the existing mass bounds on 
the neutral Higgs bosons also imply a lower bound on m#+. However, in scenarios where 
radiative corrections decrease m#+ and where at the same time > m~ b we have found 
branching ratios of the order of 30%. 

The large variety of possible three-body decay modes implies the chance to determine 
the properties of t\ also when higher order decays are dominant. Clearly, a detailed Monte 
Carlo study will be necessary to see how the different channels can be separated. 



I thank A. Bartl, H. Eberl, T. Gajdosik, S. Kraml, and W. Majerotto for many help- 
ful discussions and the inspiring atmosphere. I am grateful to J.W.F. Valle for the kind 
hospitality and the pleasant atmosphere at the Departamento de Ffsica Teorico. This work 
was supported by the "Fonds zur Forderung der wissenschaftlichen Forschung" of Austria, 
project No. P10843-PHY, and by the EEC under the TMR contract ERBFMRX-CT96- 
0090. 

APPENDIX A: FORMULAS FOR THE THREE-BODY DECAY WIDTHS 

In the subsequent sections the formulas for the decay widths are listed which have been 
omitted in Sec. ||. 
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1. The width T(ti -» H+bxi) 



The decay width is given by 




K"r%+) 2 



ds (G 



x + x 



+ G^+t + G^+i + Gu + G t i + Gii) 



(Al) 



(m b +m ) 2 



i 



with 



2 





1=1 



+ (a i3 + a i4 s) J\{m\ + m 2 H+ +m 2 b + m|o - mi+ - s, T-+m-+) 



+ a iA Jl{m\ + m 2 H+ + m 2 b + m|o - ml+ - s, T-+m-+) 
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+ (a 3 i + a 32 s) J t ° t (m| + m 2 H+ + m\ + m|o - m 2 + - s, T-+m-+ 

> m h + m H+ + m b+ m \{ - m \+ ~ S ? r x 2 +m x 2 + ) 



+ (a 3 3 + «34s)^(^| + + m 2 + m|o - m 2 + - s, I^+m-+ 

> m f n + m H+ +m 2 b + m| ? - - s, T-+m-+) 



x 2 



x 2 x 2 



+ a 3 4 ^(m? + m 2 H+ +m 2 b + m 2 ~o - m 2 + - s, T^+m^+ 



X 2 



x 2 x 2 



(A2) 



2 



G 



X+6 



+ b i4 J 2 t {m 2 h + + m\ + m|o - m 2 + - s, ~r-+m-+, m 2 , r t m t )] , (A3) 

> 



fe,i=l 



* J £ ( m i fe ' r 6 fc m b fe ' m l + m H+ + m l + m \i - m l+ - s , - r x+ m *+) 



+ c ik 3 JUml k ,T- b m- bk ,ml + m 2 H+ + m 2 b + m| ? - mi+ - s, -F~+m~+) , (A4) 



G tt = (di + d 2 s)J?(m 2 , T t m t ) + (d 3 + d 4 s)J^(m 2 t , T t m t ) + d 4 J 2 (m 2 , r t m t ) , (A5) 



G ^ = [( efel + e fc2s)^(m? fc ,r^m^,m t 2 ,r t m t ) + e k3 ^(m^ , I\m Bfc , m 2 , Y t m t ) 



k=i 



G ll 



y/A(s,m? i ,m 2 ^ + )A(s,m|o,m2) 



(/fel + fk2S) 



(s — m- ) 2 + r? m~ 

. k=l v b k ' b k b k 



The integrals Jt'u% are: 



J^m^miri) 



+ Re 



tmax 

dt 



(hi + J32S) 



s-m 2 h + iT b m bi )(s - m 2 ^ - iT 



bi 



b 2 m b 2 



(t - m 2 ) 2 + m 2 T\ ' 



(A6) 



(A7) 



(A8) 



Jl t {m\, mi r 1 !, mj, m 2 T 2 ) = Re / 



trnao 



(t — m\ + im 1 r 1 )(t — m 2 , — 2m 2 r 2 ) ' 



(A9) 



Jl t (mj,m 1 T 1 ,ml,m2T 2 ) = Re 



1 



tmax 

dt- 



s — m\ + irriiTi J (t — m\ — im 2 r 2 ) 

train 



(A10) 



9 



with i — 0,1, 2. Their integration range is given by 



£ max = 



m? + m 2 . + m 2 H+ + m|o - s (m| - m^ + )(m| 9 - m 2 ) 



2s 



± 



A(s, m?, m^+)A(s, m| ? , m 2 ) 



2s 



(AH) 



where s = (p^ — Ph+) 2 and £ = (p^ — p t ) 2 are the usual Mandelstam variables. Note, that 
— T~+m~+ appears in the entries of the integrals G~ +b . and G^+t because the chargino is 



exchanged in the -u-channel in our convention. The coefficients are given by: 



an = -4 klJ^Q^'Q^'mbm^o (m 2 b + m 2 + + m| ; + m| + m 2 H+ ) 



-2g n 'g n ' ((A; n ) 2 + (z' n ) 2 ) 



m^om-+ 



2m 6 + m-o +m H+ 



) 



—9 /* 



((Qii') 2 + (QfiT) (m 2 + 2m| ; + m?) 



-((*fi) 2 (Ofi') 2 + (i) 2 (Qfi') 2 ) 

* (m 2 + m|o) + (m 2 + m^+) ^m|o + m 
- ((Mi) 2 (^/) 2 + (4i) 2 (Qf/) 2 ) ™ 2 + (mg + m 2 ? 



(A12) 



a 12 = 4A;l/ 11 Q^gf/m b m,o+ (^ 1 ) 2 (Qf 1 ') 2 + (/ n ) 2 (g n ') 2 



m 



Xi 



ai3 = 



+2 fc n Z n ((Q n ') 2 + (Qf/) 2 ) m b m,+ + 2 Qf/Q*' ((A; n ) 2 + (Z n ) 2 ) 

+ ((Mi) 2 (Qfi') 2 + (4) 2 («) 2 ) ™ x + , 

4*« 1 Z« 1 Qf 1 , Qf 1 , m 6 m s o + 2Q n 'Qf/ ((A; n ) 2 + (Z n ) 2 ) 



m^om-+ 

Xi Xi 



(A13) 



+ ((^TOfi0 2 + (/iiTO 



: j , i \2m b + 2 m-o + m H+ + m fi 
+2^ n ((g n ') 2 + (gf 1 ') 2 )m 6 m^, 

-(*fi) 2 (Qfi') 2 - («fi) 2 (Qfi') a , 



(A14) 
(A15) 



031 



-2 (zf^faQfa'Qf!' + fe^Gn Qf 2 ') m^„m-+ (m 2 ? + m^ + + 2m 2 ) 



-4 (/^ii^'Qn + fcJi&Qn Q? 2 ') ™&™x? m x+ m x 2 + 

-2 (^^g^'gf/ + Z n Z* 2 g n 'gf 2 ') m^ ? m- 2+ (m 2 ; + m^ + + 2m 2 ) 

-2 ^11^12^11 ^5l2 ^11^12^3ll Ql2 ) 

(m 2 + m 2 ( ,) + (m| ? + m|) (m 2 b + m^+) 
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11 



11 



-2 
-2 
-2 

a 32 = 2 (Z* 
+4 
+2 
+2 
+2 
+2 
+2 

a 33 = 2 (z 
+4 
+2 
+2 
+2 
+2 

a 34 = -2 
mw 

+b\ 1 l i ll Q^m t 
+a\ 1 l t 11 Qi 1 'm^ i 

* 



it it f^L if}L i , it ;t /-).R //-vR ' 
"ai'l^Vll Vl2 "T ,i 12 t llVll V12 

^12^11^11 Ql2 ^11^12^11 ^12 

jut 'ni ' _i_ /* /* n Rl n Rl 

^11^12^11 Vl2 ' t ll t 12Vll Vl2 



W2Q12 Qll ^11^12^11 ^5l2 



m 



^11^12^12 Qll + ^12^1l'5ll Ql2 



lL tr\R> 



k u k l2 Q±2 Qn + ^11^12^11 Q12 



it it f)L if)L 1 1 t,? /n-R if)R 1 
t ll t 12Vll Vl2 ' ft 'll ft '12Vll Vl2 

1,1 it 'nL / 1 Kt rt r^Rir^Rl 

ft 'll ( '12Vll Vl2 ~r A '12 t llVll Vl2 

' i 12 t llVll Vl2 ^ ' i ll t 12Vll Vl2 



/n^ '/O^ ' 1 71 /i piR if\R 1 
ft, 11 /i 12 Vll V12 t t ll t l2Vii V12 

W2Q12 Qii ^n^i2'5ii Q12 1 



1.1 it r> L ' n R ' -l k-t 7* n Ll n Rl 

A 'll ( '12Vl2 Vll ~r A '12 t llVll V12 

k u k l2 Qi2 Qu + ^11^12^11 Q12 

it it r^L I^L I 1 it it f^R lf)R I 
t ll ( '12Vll Vl2 ' ^11^12^11 Vl2 

1,1 it 'ni ' 1 ut ]t n Rl n Rl 

ft 'll ( '12Vll Vl2 ~r A '12 t llVll Vl2 

>f ;t qL IqL 1 , . t it ^i? / 
' i 12 t llVll Vl2 ^ ' i ll t 12Vll Vl2 



^11^12^11 Ql2 + ^11^12'5ll Ql2 



i? l^R 1 



m b m~+ (ml + m| + 2 m|o 
m 6 m-+ (m^ + m| + 2 m|o) 

m tf m tf ( m l?+ m ') > 



x?™x+ 



m b m^o 



Xi X2 



m & + m |°) 



xi 

m xf m x^ > 



x? m x^ 



m b m^o 



Xi X2 



xi 



m b m^+ , 



b\ x k\ x Q\{m^+m h m t 



cot (3 



ml + m|o j tan /3 



(A16) 



(A17) 



(A18) 
(A19) 



/ <~) o o \ „ 0/0 o o\ „ 

I m H +m^ — m b m-o J cot p — m b [m b + m^ + 2 m-o J tan (3 

>b ( m H+ + m \ ~ m \\ ~ m fj tan P — ml ^2ml + m|o + iti 2 h+ ^ cot /3 
+a^ 1 /c* 1 Q n' m^+m b m^o [{m 2 H+ — m^) tan /3 — 2 cot (3\ 
+b t ll k t n Q R 1 'm^om b m t 



1 xi Al 

+ - - m|o) cot /3 - + 2 

+6nZ^ 1 (5n / m i m^om-+ - mf) cot (3 - 2 ml tan /?] 



+ m| ) tan /3 
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12 



+2 (V n ) 2 + (fe* n ) 2 ) m\m\ (ml - m| ? ) 
'a\ x ) 2 m\ cot 2 /3 + 0n) 2 m 2 tan 2 /?) , 



2m^ 



(A27) 
(A28) 



-1 



2m 2 w 



2 (ja* n ) 2 + (&n) 2 ) m 2 b m 2 t + 2a[ l b[ l m t m^ (m 2 b (2 + tan 2 0) + m t 2 cot 2 0) 

- (V n ) 2 m 2 tan 2 (3 + (&* n ) 2 m 2 cot 2 (m 2 H+ + m\) , (A29) 
(a* n ) 2 m 2 tan 2 /3 + (&* n ) 2 m 2 cot 2 (3 



2m 2 w 



' a^b^mtm^o [(m 2 H+ — m 2 ) cot (3 — 2 ml tan (3\ 



m w 



+b\^b\ x m h m t (m 2 ^ - m^j cot (3 - (ml + m|o) tan/5 
— OiiOii ra 2 ^ 2 + m |o j c °t + m 2 — m \^j tan /5 
—b^a^m^m^o [2 m\ cot /3 + (m 2 — m 2 H+ ) tan /3] 



ti6i_ / a b^ a t^ m 2 CQt ^ + ft6 ft* TO&m< tan/3) , 

V / 



a^b^mtm^o cot /3 + b^b^m^mt c °t /3 



+ 



a^a^m 2 tan /3 + ^a^m^m^ tan /3 j , 



*Si) 2 



+ 



(^i) 2 ) (™ 2 + ™|°) +4a; i 6$ 1 m 6 m i o 



(^) 2 ((4i) 2 + (4) 2 ) , 



tibi ti&2 



(A31) 
(A32) 



(A33) 

(A34) 
(A35) 



a b u a b 12 + b b u b b 12 ) (ml + m 2 t ,) + 2 (a^ 2 + 



(A36) 
(A37) 
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One gets the remaining coefficients by replacements: 



an - 
hi - 

cm 
cm 
cm 

Cu - 
fu - 



a 2i'- l\l 

ho A 

* C\2i'- l\ 



11 



11 



C2U- 0-n 
C22i- l\l 



a b u 



e 2i : a 



li 



l 12i h 



It h.t _ 

t 12) ^11 

It h,t _ 

l 12i ^11 

► n b h b 
a 12i u ll 

t 12) ^11 

u 12? °ll 

► a5 2 , &ii 



/2«: ^11 — * Oi2) &11 



fc 



L2) Qll 

oil' 



^12) 
^12; 



&12> m fe 

'125 Vll 

m 



h b 
u 12i 



bi 



b\ 2 , m~ bl 



b b 

"125 



Qi2i Qii 

Q12 ) Qn' 

Ql2 ) Qll 



Ql2 ) Q R 



tife 
11 



QRl 
Vl2 ) 

Q 



Ri 

12 5 

i? / 
12 ) 



m xf 
m 



in 



Q 

Wife 
Q12, rn x 

Wife 
Wife 

Wife 



Xi 



m x 2 + 
m x 2 + 
m x 2 + 



m xJ' 



2. The widths r(*i 6//') 
Here the decay width is given by 



r(fi -> bW) = 



a 



16 7rm? sin 4 9w 

CI 



■W X2 i=l \J=1 / 



(™l'+">i) 2 



with 



(s - m 2 + ) 2 + m 2 + T 2 + ' 

Xl 2 Xi 2 Xl,2 



D 3 {s) = Re 



(s — m 2 + + im~+Y~+)(s — m 2 + — im-+T- 
r xt xi Xi ^ xt x 2 > 

In the case of t\ — > b u e e + one finds in the limit m e — > that 

W ei > e (s) = A5(s,m|,m^) (s - m|J , 



Cu 
C\2 

Cl3 
C14 



K ll 



i(/* n ) 2 m? e (m 2 - m|) + ^(A; t n ) 2 m 2 (m? + m\ - m 2 ) 



+2 k t 11 l t 11 m b m~+m$ 



Xi 



V 2 



^(4) 2 K + ™ 2 e - - 2 - 2 ( ^ l)2m ^ 



(4Wi 



(A38) 



(A39) 
(A40) 

(A41) 
(A42) 

(A43) 
(A44) 

(A45) 



C31 
C32 



k t n k t 12 V ll V 12 m-+m-+(m 2 b - mfjm^ , 



= v n vi 2 



(A46) 
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C33 = V U V 12 



+2 k 11 l 12 m b m~+m i>e + 2 k 12 l 11 m b m^+m i 
AA2 { m l + m l - m D - 2 k\ x l\ 2 m h m^. 



— 2 k 12 l 11 mbm^+ — k u k 12 m^+m 



C34 

C15 



— l\ x l\ 2 V\\V\2 , 

C25 = c 35 = . 



(A47) 

(A48) 

(A49) 
(A50) 



The coefficients C2« are obtained from cij by the replacements: k\ x — > /v* 2 , /' x — > Z* 2 , V11 - ► ^12 
m -+ . In the case of t\ — > b v T r + one finds that 

W t0t {s) = A5(s,m?,mg)A3(s,m| r ,m?), (A51) 



and m-4 



en = 2 ((^r) 2 (4) 2 + (ir) 2 (*fi) 2 ) ™~+ K - O « - ™ 2 ) , (m 
C12 = ^ ((*r) 2 (*fi) 2 + (^) 2 (4) 2 ) K - ™ 2 ) K - O 

+5 (>r) 2 (4) 2 + (^) 2 (Mi) 2 ) - 2 + K + ml -m\- ml) 
+2 hfl? ((A;' n ) 2 + (4) 2 ) "V^ K " ™ 2 ) 

+2 fc^Z*! {{k[ T ) 2 + (/r ) 2 ) m 6 m-+ (m| r - m 2 T ) - 4 k[ T l[ T k[ l l\ l m h m T mi+ , (A53) 
ci3 = ^ (>n 2 (^) 2 + (^) 2 (4) 2 ) « + < - mg - m 2 ) 

-2klf n {{k^f + (/r) 2 ) m 6 m-+ - \ {{K)\A,f + (Zr) a (*fi) 2 ) ™~+ 

-4 fe^A^m^ - 2 fc*^ ((^n) 2 + (Z* n ) 2 ) m T m-+ , (A54) 

cu = ~\ ((*T) 2 (*n) 2 + (l^Mi) 2 ) , (A55) 



C3i = (*« r 44 + fcfiA:f 2 ZrZ§ T ) ^+m^+ (m 2 - m|) (m 2 T - m 2 ) , (A56) 
c 32 = (krk%k\ x k\ 2 + K " ml) {m 2 T - ml) 

+ (WWA£2 + KA^l^ m-+m- } (ml + m? T - m 2 - m 2 ) 

+2 (wZ'nZfa + ^ii^i T ) K - m ') 

+2 {^{k\ x k\ 2 f 2 + ^ZrZ* n Z* 2 ) m r m-+ (m? - m 2 ) 
+2 (fc^A^ + ^iTC r 4) m b m^ (m| r - m 2 ) 

+2 + 4^4) ™^x+ « - O 

-4 (k\ T k\ 2 t 2 T l\ x + k\ T k\ x l\ T l\ 2 \ m b m T m~+m~+ , (A57) 
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C33 



— {k{~ k 2 k\ x k\ 2 + l{l 2 ^11^12) { m \ + m l T 



ml) 



(k\ k 2 T k~i 2 l~ii + ki l l l T l 2 T li2 S j m b m x + ~~ 2 (ki T k 2 T k u f 12 + k^l^ l 2 
k\ k 2 l\]l\ 2 + ^n^i2^i T ^2 T ) m xt m xi ~~ ^ (^1^11^2^12 + ^2 T k\ 2 l\ lii^J m b m T 

2 ^fc 1 T A;[ 1 A;^ 2 / 2 T + ^2^1^11^12) m T m x+ 

(A58) 



C34 

C15 



2 ^2 ^11^12 ^2 ^11^12^1 y TfL T TfL 

— ( t-* £■* _|_ 7^ /^V 7* 7* \ 
I "a ^2 ^11^12 ~r l l l 2 t ll t 12 I 1 



C25 = C35 = . 



The coefficients c 2i are obtained from cu by the replacements: - 
k 2 T , l\ T — > and m~+ — > m-+. In the case of t\ — > z/ r one finds: 



p it 



X 2 



(iri) 2 A) 2 "»|f<K-^) ' 



en = 

c 12 = ;/:,r (/' L1 ///: 



fflr 



1 2 

2 m - 



+ i(A; t n )V 1 K-^) 



2 k u l u m b m^+m fi \ , 



1 



C13 = (/[J 2 -(/i 1 ) 2 m^(m|+2m^ 



;) +Ak{ 1 l[ 1 m b m~+v)- 



2 

xi '""n 



1 It t \2 2 / 2 2 "2 



C14 
C15 

C31 
C32 

C33 



(ii^ikir ( 2 < + 
-^(/ii) 2 (^) 2 , 



4 



m &) - ^(4i) 2m2 + - 2 k t 11 l t u m b m~+ 



xi 



^lAAA^m^m^m^ {m\ - m 2 b ) , 
kl 1 ki 2 mj l (ml-ml)+2ll 1 l\ 



IT IT 
t ll t 12 



2 l^k^mhm^+m^ — 2 l^k^m^rn^+rri. 



* 7„t 



Xi xj n 
,4 



-m fl - m t - 



xi n 



x 2 r i 



rr rr 
f ll f 12 



2 

Xi 



l \A2 m x+ m x+ { 2m T X + m \ - m l) +4l t u k t 12 m b m~+m 
+Al\ 2 k\ l m b m^+ml i -2k\ 1 k\ 2 m 2 fi ' ' ' 



2 1 2 2 



C34 



7T 7T 

l ll l 12 



k\ x k\ 2 (2m| + m~ - m 2 ) - 2 l\ x k\ 2 m b m 



xi 



2l\ 2 k\ 1 m b m-+ - l\ 1 l t 12 m~+m~+ 



t it 



x 2 



xi x 2 



C35 = 



-V V k l k l 
t ll ( '12 ft 'll /i 12 



(A59) 
(A60) 

7t 7>t 
(, 12) ^1 

(A61) 
(A62) 

(A63) 

(A64) 

(A65) 
(A66) 

(A67) 

(A68) 

(A69) 

(A70) 
(A71) 
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The coefficients C2i are obtained from cu by the replacements: k\ x — > k\ 2 , /' x — > l\ 2 , l\i — * l%2 
and m -+ — > m~+ . To get the coefficients for t\ — > b T2 v T one has to make the replacements: 

V Xi — > l 2i and m fl — > . For t± — > b t\ u e one gets the corresponding coefficients by the 
replacements: l T Xi — > and m fl — > m^. 



APPENDIX B: COUPLINGS 



Here we give the couplings that were used in Eq. (|13[) : The Yukawa couplings of the 
sfermions are given by: 



m T 



mw cos mw cos (3 

The (ji-q'-xf couplings read then 



Y, 



mw sin (3 



with 



-Vji 
YtV ]2 



0° 



-Uji 
Y b U 32 



(Bl) 



(B2) 



(B3) 



where Uij and VL- are the mixing matrices of the charginos flM . In case of sleptons we have: 



"lj '^in^jni 



kl 



0, I) = -Vji, k] = Y T U 3 2 



with 



-Uji 
Y T U 32 



The qrq-Xk couplings are given by 



u i k — 



ti> = 7? 9 ~ B f 

in^kni ik in kn 



with 



J Lk 
n Rk 



n Lk 



/ 1 ' 

Rk 



(B4) 



(B5) 



(B6) 



(B7) 



and 



h 



Lk 



ft 



Y t (sm(3Nk3-cos(3N M ) 
Lk - =^ S m9 w N kl - V2(l -fsin^g)^ 
h Rk = Y t {sm(3N k3 - cospNki) 
fkk = =^fi sin M tan 6 w N k2 - N hl ) 



cos Bw 



(B8) 



^ = -Y b ( cos (3N k3 + sm(3N ki ) 
f b Lk = & sin 9 w N kl + V2(§ - I sin ^g) 
= -n(cos/3iV fc 3 + sin/5iV M ) 

' tan 6*^/^2 - iV fcl ) 



jVfcg 



(B9) 
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where iVy is the mixing matrix of the neutralinos [15]. The couplings ti-bj 



\W _ r^w vt _ _J_ ( cos ^ cos % -sin^cos^- 
kbj v liij) ^2 \ — cos 9- b sin 0j sin ^ sin % 



The couplings U-bj-H + are given by 

Cf, = (Cf f ) T 

1 if tan /3 + mf cot /3 — m^sin(2 (5) m&(Ab tan /3 + //) 
m t (A t cot /? + //) 2mbm t / sin (2/3) 



v/2 



mvi/ 



The W + ~Xj ~Xk couplings read: 

0£/ = (sm(3N k3 - cos i3N M ) + V fl {sm9 w N kl + cos 9 w N k2 ) , 
OE' = -§ (cos (3N k3 + sin + [7^ (sin^JV fcl + cos 8 w N k2 ) . 

The -ff + -xJ-X° couplings are given by: 



Qjy = cos/3 



Vji (cos/5A^ fc 4 - sm[3N k3 ) 

H — t=- (2 sin 9wN k \ + (cos 9w — sin 9 W tan 6^) ^2) 
v2 



Qf/ = sin/3 ^1(008^^3 + sin /SJVm) 



— pr (2 sin^vi/A^fci + (cos^vi/ — sm9 w t&n9 w ) N k2 ) 
v2 
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TABLES 



Input: tan f3 = 3 fi = 530 GeV M = 270 GeV 

40 GeV A b = 150 GeV 

L0 GeV A T = 150 GeV 
0.6 

Calculated >,■?, ~ 1.30 m~+ = 253 = 550 

372 GeV cos 0g = 0.98 

217 GeV cos<9 f = 0.68 



tan /3 = 


= 3 


M = ! 


M^ = 


370 GeV 


M Q- 


M^ = 


210 GeV 


M L ~- 


™ti = 


250 GeV 


cos 6. 


m^o = 


130 










= 


342 GeV 


m b 2 ■ 


m fl = 


209 GeV 


Wlf 2 : 


m Sji = 


213 GeV 





m„ e = m- VT = 204 GeV 



TABLE I. Input parameters and resulting quantities used in Fig. 2 and 3. 



Input: tan (3 = 3 n = 750 GeV M = 380 GeV 

M 5 = 550 GeV = 500 GeV A b = 400 GeV 

Mg = 275 GeV M z = 275 GeV A r = 400 GeV 

= 350 GeV cos 6~ t = 0.7 m A o = 110 GeV 

Calculated m^o = 186 m~+ = 368 = 764 

m bi = 502 GeV = 551 GeV cos 0g = 0.99 

m fl = 27 '4 GeV m f2 = 281 GeV cos6» f = 0.69 

m e - L = 278 GeV m 9e = mo T = 270 GeV m H + = 136 GeV 

TABLE II. Input parameters and resulting quantities used in Fig. 4 and 5. 
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FIGURES 
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a ) BR(ti) b) BR(ii) 




-0.75-0.5-0.25 0.25 0.5 0.75 -0.75-0.5-0.25 0.25 0.5 0.75 

cos 9i cos t ~ 



FIG. 2. Branching ratios for t\ decays as a function of cos% for = 250 GeV, tan/? = 3, 
ji = 530 GeV, and M = 270 GeV. The other parameters are given in Table I. The curves in a) 
correspond to the transitions: oil bW + Xv ~~ * C X? ; * (h be + v e ) + (ti — ► bv e e^), and 
• (ti — > 6r + P T ) + (ii bv T f\) + (ti bv T f^)- The curves in b) correspond to the transitions: 
o ^ — > 6z/ e e£ , □ ti — > 6i/ r fi, A ti —> bv T ?2, H ii — ► &e + z> e , and • ii — > 6r + P T . 



a ) BR(ti) b ) BR(ii) 




5 10 15 20 25 30 5 10 15 20 25 30 

tan /3 tan /? 

FIG. 3. Branching ratios for ti decays as a function of tan/3 for = 250 GeV, cos% = 0.6, 
/i = 530 GeV, M = 270 GeV. The other parameters are given in Table I. The curves in a) 
correspond to the transitions: oil bW + Xi, Aii — > c%!, ■ (ii — ► 6e + i> e ) + (ii — ► bv e e£), and 
• (ti — ► br + u T ) + (t\ — > bv T f\) + (ti — ► bv T fi). The curves in b) correspond to the transitions: 
o ^ — > & j/ e e£ , nt\ bv T fi, At\ bu T T2, Mt\ — > 6e + z> e , and • ti — ► 6r + z> r . 
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FIG. 4. Branching ratios for t\ decays as a function of cos0£ for = 350 GeV, tan/? = 3, 
fj, = 750 GeV, M = 380 GeV, and m A o = 110 GeV. The other parameters are given in Table II. 
The curves in a) correspond to the transitions: oti — ► bW + x§, Dti — ► bH + x\, Afi — > ex?, 
I (ti — > 6e + z> e ) + (ti — > bv e e£), and • (ti — > 6r + P r ) + it\ — > bv T f\) + (ii — > 6 ^ r T2). The curves 
in b) correspond to the transitions: — > bv e e~£, \3ti — > bv T f\, At± — > bu T T2, Mti — > be + 9 e , 
and «ti — > 6r + P T . 



a ) BR(ti) 


b ) BR(ti) 


0.8 




0.12 
0.1 




0.6 




0.08 




0.4 




0.06 
0.04 




0.2 






0.02 



^=b°'*' e — q!" — 

A- A A A A A- 



5 10 15 20 25 30 5 10 15 20 25 30 

tan/3 tan/ 3 



FIG. 5. Branching ratios for t\ decays as a function of tan/3 for = 350 GeV, cos% = 0.7, 
/i = 750 GeV, M = 380 GeV and m A o = 110 GeV. The other parameters are given in Table II. 
The curves in a) correspond to the transitions: oti bW + Xi, Dti — ► bH + X\, Ati — > ex?, 
■ (ti — > 6e + z> e ) + (ti —> b v e e£), and • (ii —>■ br + u T ) + {t\ ^ bv T f\) + (ti — > b v T T2). The curves 
in b) correspond to the transitions: — ► bv e e^, \3ti —> bv T f\, Ati — ► bv T T2, Mti — > be + v e , 
and »ti — > 6r + P T . 
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BR(ti) 




o i - - - - - - - ^J 

400 500 600 700 800 

M b [GeV] 



FIG. 6. Branching ratios for t\ decays as a function of for = 350 GeV, cos Of = 0.7, 
tan/3 = 30, /U = 750 GeV, and m^o = 90 GeV. The other input parameters are the same as 
in Table II. The curves in a) correspond to the transitions: oti —> bW + x?, Dti — > bH + Xii 
A t± — > cxi, B (ii — ► z/ e ) + — > 6z/ e ej), and • (ii — > 6r + P r ) + (ii — > 6i> T ^l) + (ii —> bv T T2). 
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